Over the past several years, studies of sphingolipid functions in the baker's yeast Saccharomyces cerevisiae have revealed that the sphingoid LCBs (long-chain bases), dihydrosphingosine and PHS (phytosphingosine), are important signalling molecules or second messengers under heat stress and during non-stressed conditions. LCBs are now recognized as regulators of AGC-type protein kinase (where AGC stands for protein kinases A, G and C) Pkh1 and Pkh2, which are homologues of mammalian phosphoinositide-dependent protein kinase 1. LCBs were previously shown to activate Pkh1 and Pkh2, which then activate the downstream protein kinase Pkc1. We have recently demonstrated that PHS stimulates Pkh1 to activate additional downstream kinases including Ypk1, Ypk2 and Sch9. We have also found that PHS acts downstream of Pkh1 and partially activates Ypk1, Ypk2 and Sch9. These kinases control a wide range of cellular processes including growth, cell wall integrity, stress resistance, endocytosis and aging. As we learn more about the cellular processes controlled by Ypk1, Ypk2 and Sch9, we will have a far greater appreciation of LCBs as second messengers.
Introduction
Sphingolipids are essential components in eukaryotic cells, where they play a structural role in membranes, possibly interact with sterols to form lipid rafts and act as second messengers [1, 2] . The two most widely characterized mammalian sphingolipid second messengers are sphingosine 1-phosphate and ceramide that have opposing actions, with sphingosine-1-phosphate promoting growth and preventing apoptosis, and ceramide inhibiting growth and promoting apoptosis [3, 4] . The LCB (long-chain base) sphingosine is the metabolic intermediate between ceramide and sphingosine 1-phosphate, since it is derived by breakdown of ceramide and is then phosphorylated to yield sphingosine 1-phosphate. Sphingosine has many effects on mammalian cells but the mechanisms are not well-characterized [5] . The reverse situation exists in Saccharomyces cerevisiae where very little is known about the signalling functions of ceramide and LCB phosphates while the signal transduction pathways regulated by the LCBs PHS (phytosphingosine) and DHS (dihydrosphingosine), the analogues of sphingosine, are beginning to be understood. Here we discuss new evidence that the protein kinase Pkh1, a homologue of the mammalian PDK1 (phosphoinositidedependent protein kinase 1), activates downstream substrate protein kinases including Ypk1, Ypk2 and Sch9 and that PHS Key words: long-chain base, phosphoinositide-dependent protein kinase 1 (PDK1), phytosphingosine (PHS), protein kinase, Saccharomyces cerevisiae, sphingolipid. Abbreviations used: AGC, protein kinases A, G and C; DHS, dihydrosphingosine; LCB, longchain base; PDK1, phosphoinositide-dependent protein kinase 1; PH, pleckstrin homology; PHS, phytosphingosine; PKB, protein kinase B. 1 To whom correspondence should be addressed (email bobd@pop.uky.edu).
plays a role in regulating not only Pkh1, but also acts directly on the substrate kinases.
Most LCBs in yeast arise by de novo synthesis [6] , whereas in mammals sphingosine is derived mainly from breakdown of complex sphingolipids [7] . Sphingolipid synthesis begins when palmitoyl-CoA and serine are condensed to yield 3-ketodihydrosphingosine, a reaction catalysed by serine palmitoyltransferase. In all organisms studied, 3-ketodihydrosphingosine is reduced to DHS, which in yeast is either acylated by ceramide synthase on the amide group to give N-acylsphinganine (dihydroceramide) or is hydroxylated to give PHS that is then acylated to yield phytoceramide (often called ceramide). Differences in hydroxylation of the LCB and fatty acid yield four types of ceramides with the most hydroxylated forms found in aerobically grown cells [6, 8] . All of the reactions up to this point in the biosynthetic pathway take place in the endoplasmic reticulum (reviewed in [9, 10] ).
At this point, the ceramides in S. cerevisiae are transported to the Golgi apparatus where they are first decorated on the 1-OH position with myo-inositol phosphate to form inositolphosphoceramide, followed by addition of mannose to yield mannose-inositol-phosphoceramide and then the terminal reaction, addition of a second myo-inositol group to form mannose-(inositol-P) 2 
The first indication that sphingolipids played a role in the heat-stress response was obtained from studies of yeast strains that did not make LCBs, which are normally essential, but instead made a set of glycerol-based lipids that substituted for some function(s) of sphingolipids and enabled the cells to grow [11, 12] . Growth of such mutants was found to be inhibited by heat, osmotic and low-pH stress [13] . These results were followed by isolation of the end8 mutant (now called lcb1-100), a temperature-sensitive mutant that cannot endocytose at 37
• C. The realization that end8 is allelic to the LCB1 gene [14] , encoding a subunit of serine palmitoyltransferase, the first enzyme in the sphingolipid biosynthetic pathway, suggested that sphingolipids were necessary for endocytosis and growth at elevated temperatures. These results were exciting but did not reveal whether sphingolipids were playing structural or signalling roles or both. A signalling function for LCBs was first suggested when it was observed that shifting cells from 25 to 37
• C/39
• C caused a 2-3-fold increase in C 18 -DHS and C 18 -PHS, and a more than 100-fold increase in C 20 -DHS and C 20 -PHS. The peak values were transient and appeared 5-15 min after the temperature shift followed by a return to normal levels [15, 16] .
Heat stress in yeast causes the accumulation of the thermoprotective disaccharide trehalose [17] and accumulation requires sphingolipids, probably the LCBs, although LCB phosphates have not been ruled out [15] . It has also been demonstrated that treatment of cells with DHS activates transcription of a reporter gene whose promoter contains multiple copies of the stress response element, indicating another potential role for LCBs in heat stress. Heat shock causes a transient, LCB-dependent arrest of yeast cells at the G 1 phase of the cell cycle [18] . It remains to be determined what the LCBs are doing.
The first indication of an LCB-regulated signal transduction pathway in yeast came from experiments to identify multicopy genes that bypassed growth inhibition by a low concentration of the antifungal drug myriocin [19] . Myriocin inhibits serine palmitoyltransferase, which prevents sphingolipid synthesis thereby inhibiting growth and causing cell death. The gene YPK1 was isolated by this screen. YPK1 encodes a protein kinase that plays undefined roles in cell wall integrity, actin dynamics [20, 21] , endocytosis [22] and translation during nitrogen starvation [23] . Ypk1 and its paralogue Ypk2 are related to the mammalian serum and glucocorticoid-inducible kinase, a member of the AGC (protein kinases A, G and C) kinase family. A year before these experiments, Ypk1 had been shown to be a downstream substrate of Pkh1 [24] , so Sun et al. [19] tested PKH1 and found that multiple copies of it also enabled cells to grow in the presence of myriocin. This was an especially interesting result because Pkh1 is related to mammalian PDK1, which is activated by 3-phosphoinositides via binding to a PH (pleckstrin homology) domain. Since Pkh1 has no PH domain, it was not surprising that Pkh1 failed to be activated in vitro by phosphoinositides [24] . Sun et al. [19] suggested that sphingolipids were an upstream activation signal because phospho-Ypk1 was not present in myriocintreated cells, presumably because of a low level of LCBs, but was present in myriocin-treated cells when PHS was present in the culture medium. However, these experiments could neither distinguish between PHS or some other sphingolipid as the activating lipid nor could they reveal whether the lipid was directly activating Ypk1 or indirectly via activation of Pkh1.
Results
To further our understanding of the signalling function of LCBs in yeast, we set out to demonstrate biochemically that LCBs stimulate the activity of Pkh1 towards Ypk1 and Ypk2. For these experiments, protein kinases with a His 6 -epitope tag at their N-terminus were overproduced in yeast and purified on a nickel affinity matrix [25] . The purified protein kinases were used for in vitro protein kinase assays containing [γ -
32 P]ATP. Reactions were subjected to SDS/PAGE and radioactive proteins were analysed by using a Phosphorimager. Using this approach, we determined if PHS stimulated Pkh1 to phosphorylate Ypk1 and Ypk2. We found that PHS in combination with Pkh1 produced a 5-8-fold stimulation in Ypk1 phosphorylation, while PHS alone caused a 2-fold stimulation of Ypk1 autophosphorylation. Similar trends were observed when Ypk2 was the substrate: PHS and Pkh1 together stimulated phosphorylation 4-fold and PHS by itself only stimulated autophosphorylation 2-fold.
Next, the activity of Ypk1 and Ypk2 was measured by using a peptide substrate, Crosstide. Either PHS or Pkh1 alone increased the activity of Ypk1 by approx. 4-fold and together they produced an 8-fold increase. PHS alone produced a 2-fold increase in the activity of Ypk2, while Pkh1 alone did not increase activity. PHS and Pkh1 together produced a 7-8-fold increase in Ypk2 activity. For both the phosphorylation and activity assays, a kinase-dead variant of Pkh1, overproduced and purified just like the wild-type enzyme, served as a control for contamination of the Pkh1 preparation. The kinase-dead Pkh1 did not stimulate phosphorylation or activation, indicating that the observed stimulation was due to Pkh1 and not due to a contaminating kinase. We conclude from these results that PHS stimulates Pkh1 to phosphorylate and activate Ypk1 and Ypk2. In addition, PHS also acts directly on Ypk1 and Ypk2 to partially activate them.
Casamayor et al. [24] suggested that Sch9 was also a substrate for Pkh1, since its activation domain and a hydrophobic motif at the C-terminus are closely related to Ypk1, Ypk2 and Pkc1. Phosphorylation of Pkc1 has been shown to be enhanced in vitro by PHS in a Pkh1/Pkh2-dependent manner [26] . Therefore we overproduced and purified Sch9 and determined if PHS stimulated Pkh1 to phosphorylate and activate it in vitro. PHS and Pkh1 each stimulated phosphorylation of Sch9 by approx. 2-fold and together they gave a 4-fold stimulation. No Sch9 substrates have been identified to date, but we found that it phosphorylates the Lsp1 protein and so we used it as a substrate for in vitro kinase reactions. PHS by itself did not stimulate Sch9 activity, while Pkh1 alone gave approx. a 2-fold stimulation. PHS and Pkh1 together gave a 4-fold stimulation in Sch9 activity. Furthermore, this stimulation required Sch9 kinase activity since a kinase-dead variant gave no stimulation. These data are thus the first biochemical [26] . The ability of PHS to stimulate autophosphorylation of Pkc1 has not been examined. The indicated phosphorylation events are thought to occur in the activation loop at the PDK1-site of Ypk1/2, Sch9 and Pkc1. Reproduced from [25] with the permission of the publisher. c 2005 American Society for Biochemistry and Molecular Biology.
demonstration of an upstream activator for Sch9, which is related to mammalian Akt/PKBs (where PKB stands for protein kinase B), and plays poorly defined roles in heat-stress resistance [27] , chronological aging [28] , Ty1 transposition [29] , cell size [30] , entry into [31] and exit from stationary phase [32] , homologous recombination in ribosomal gene hot spots [33] and adaptation to changes in nutrients [34] .
Discussion
Previous authors had predicted that PHS would stimulate Pkh1 to phosphorylate and activate the downstream kinases Ypk1, Ypk2 and Sch9 [19] [20] [21] [22] 24, 26] . Our data verify this prediction, but we also find that PHS partially activates Ypk1, Ypk2 and Sch9. Thus our results support a model (Scheme 1), whereby PHS stimulates the activity of Pkh1 and also stimulates the activity of downstream kinases Ypk1, Ypk2 and Sch9. The molecular mechanism of PHS stimulation remains to be determined. One possibility is that it binds to a PHS-binding domain of the kinases, consonant with the fact that many mammalian members of the AGC protein kinase family including PDK1, Akts/PKBs and PKCs have a lipidbinding domain [35] .
We now have a good outline of the signal transduction pathways and cellular processes regulated by LCBs in yeast (Scheme 1). However, there are likely to be more undiscovered functions and signalling pathways that are regulated by LCBs. While AGC protein kinases are now the only type known to be regulated by LCBs in yeast, we predict that LCBs will be found to regulate members of other kinase families, since mammalian PAK1 (p21-activated kinase 1), a member of the STE kinase (sterile kinase) family, is stimulated by sphingosine [36] as is PAK2 [37] . Other mammalian protein kinases have been shown to be stimulated by LCBs. While mammalian PDK1, the homologue of yeast Pkh1 and Pkh2, is best known to be stimulated by 3-phosphoinositides, a previous report shows that sphingosine activates it in vitro and in vivo [38] . Finally and most interestingly, Hakomori's laboratory group has found that a cleavage product containing the protein kinase domain of PKCδ is stimulated by sphingosine to phosphorylate 14-3-3 proteins [39] .
